This study investigated the influence of L1 background on categorical perception of lexical tones by three language groups, namely native Mandarin, Russian and Vietnamese listeners. Tone identification and discrimination scores of two tone continua (T1-T2 and T1-T4) were measured for each participant. Results showed that the two tone language groups, i.e., Mandarin and Vietnamese listeners, perceived both tone continua categorically whereas the non-tone language group, i.e., Russian listeners, did not. More specifically, while the Russian group exhibited significantly broader identification boundaries and performed near chance level in discrimination tasks, the Mandarin and Vietnamese groups presented sharp slopes in identification curves and corresponding discrimination peaks at the cross-boundary positions. Moreover, Mandarin and Vietnamese listeners showed slightly different discrimination curves, which could be attributed to the effect of their different tone inventories. The current findings suggest that native tone language background, to some extent, can facilitate non-native tone perception.
Introduction
Languages in the world can be generally divided into tone and non-tone languages, which differ in the use of pitch (fundamental frequency (F0) as its acoustic correlate) in their prosodic systems (Yip, 2002) . Most tone languages, such as Mandarin Chinese, Thai and Vietnamese, employ pitch height and/or pitch contour at the word level to minimally distinguish lexical meanings between otherwise segmentally identical words (Gandour, 1978) . However, non-tone languages, including English, French and Russian, use pitch variations in a broader way. Specifically, pitch can be used at the word, phrase, or sentence level (intonation) in these non-tone languages to cover various communication intentions (So & Best, 2014) .
Since these two broad language types diverge in the use of pitch information, previous studies have revealed that pitch variation in a tone language, i.e., tone contrasts, are perceived differently by tone and non-tone language listeners and that listeners tend to make use of their native language prosodic systems when perceiving pitch variations in a non-native language (Huang & Johnson, 2010; So & Best, 2010; Sun & Huang, 2012; Wang, 2013; Wayland & Guion, 2003) . Although a large number of studies have been conducted to investigate the influence of first language (L1) background on the perception of second language (L2) tones, their findings were still not consistent. Some reported that tone language speakers performed better than non-tone language speakers in perceiving L2 tones (Lee, Vakoch, & Wurm, 1996; Wayland & Guion, 2004) , but others held the reverse opinion (So, 2005; Wang, 2006) . Meanwhile, there also exists another point of view that native tone and non-tone language speakers did not differ significantly in the perceptual accuracy of L2 tones (Francis, Ciocca, Ma, & Fenn, 2008; Hao, 2012) .
Categorical perception (CP) serves as a more sensitive approach to addressing the issue of how lexical tones are perceived by native tone language speakers as compared to speakers of non-tone languages. As a well-known cognitive phenomenon, CP was first put forward by Liberman, Harris, Hoffman, and Griffith (1957) , which posits that a continuum with several equivalently separated stimuli is perceived as a discrete and finite number of categories and between-category differences can be noticed more saliently than within-category differences. Typical categorical perception should be assessed by a sharp identification boundary between two categories and a corresponding discrimination peak at the category boundary position (Abramson, 1978; Liberman et al., 1957) .
Earlier studies on categorical perception of speech sounds have mainly been directed to segmental features, i.e., consonants and vowels. While most previous research showed that stop consonants are perceived categorically (Brandt & Rosen, 1980; Carne, Widin, & Viemeister, 1977; Eimas, Siqueland, Jusczyk, & Vigorito, 1971; Liberman et al., 1957; Pisoni, 1977; Rosner, 1984; Zlatin, 1974) , people tend to perceive vowels in a more continuous manner (Altmann et al., 2014; Fry, Abramson, Eimas, & Liberman, 1962) . In addition to the great bulk of research on categorical perception of segmental features, a large amount of literature on CP of suprasegmental features has appeared recently, such as lexical tones in tone languages (Francis, Ciocca, & Ng, 2003; Halle, Chang, & Best, 2004; Peng et al., 2010; Shen & Froud, 2016; Wang, 1976; Xu, Gandour, & Francis, 2006) . These CP studies mainly focused on the influence of language experience on the categorical perception of L2 tones. For instance, Wang (1976) investigated the perception of lexical tones by native Mandarin and English listeners. The results indicated native Mandarin listeners perceived lexical tones in a clearly categorical manner whereas English listeners did not. Similar findings that contrasted native tone language listeners with non-tone language listeners were also reported in other studies (Halle, Chang, & Best, 2004, for Mandarin vs. French; Peng et al., 2010, for Mandarin and Cantonese vs. German; Xu, Gandour, & Francis, 2006 , for Mandarin vs. English).
Besides, different tone systems could further impact non-native tone perception in terms of CP. Peng et al. (2010) examined both the effect of tone language vs. non-tone language background (German vs. Chinese), and the effect of different tone systems (Mandarin vs. Cantonese), on the categorical perception of Mandarin lexical tones. Their results showed that German listeners exhibited a continuous pattern of tone perception, whereas both Mandarin and Cantonese listeners perceived lexical tones categorically, yet with different patterns shaped by their own tone inventory. Zheng et al. (2012) carried out an event-related potentials study to explore the influence of tone systems on the categorical perception of lexical tones. Their findings suggested that language background did modulate Mandarin and Cantonese listeners' behavioral and electrophysiological responses to the tone stimuli presented, and Cantonese listeners showed stronger sensitivity to pitch height and pitch slope than native Mandarin listeners in order to discriminate their denser tone inventory.
To sum up, compared with a great deal of research on the differences in tone perception between native tone language and non-tone language listeners, there is still a paucity of empirical evidence on how L1 tones affect the categorical perception of non-native tones. What's worse, we can find that the tone languages involved in the above CP studies were either Mandarin or Cantonese, which are both variations of Chinese language. Since Mandarin is the official language in China, it seems impossible that native Cantonese speakers have never been exposed to Mandarin, or cannot speak Mandarin at all. Therefore, it is still unknown how native tone language listeners from other countries perceive Mandarin tones. To this end, the current study explores categorical tone perception by listeners from two rarely discussed languages, namely Russian (non-tone language) and Vietnamese (tone language which has different tone system from Mandarin). Using the traditional paradigm of CP, the current study aims to figure out how Russian and Vietnamese listeners perceive Mandarin tones respectively and then to reexamine the influence of language background on the categorical perception of lexical tones, thus adding convincing evidence to the aforementioned disputable topic whether tone language background could facilitate or hinder non-native tone perception.
Mandarin and Vietnamese Tone Systems
Mandarin, the official language in China, is probably one of the most typical tone languages in the world (Wang, 1973) . It has four regular tones: Tone 1 (T1)-high level tone (55), Tone 2 (T2)-mid rising tone (35), Tone 3 (T3)-low falling rising tone (214), and Tone 4 (T4)-high falling tone (51). The numbers in parentheses suggest the relative starting and ending pitch of each tone on a 1-5 scale, with 1 referring to the lowest pitch of the speaker and 5 to the highest pitch (Chao, 1948) .
Compared with Mandarin, Vietnamese has a more complex tone system, as shown in Table 1 . It has six main tones: the ngang tone "level" (44), the huyền tone "deep" (32), the ngã tone "tumbling" (325), the hỏi tone "asking" (323), the sắc tone "sharp" (45), the nặng tone "heavy" (21). Although there does not exist a completely identical tone in Mandarin and Vietnamese, it is easy to find great similarities. Firstly, the ngang tone in Vietnamese and Tone 1 in Mandarin are both level tones, but the latter has a higher pitch value than the former. Secondly, the huyền tone and the nặng tone in Vietnamese, together with Tone 4 in Mandarin, are all falling tones. However, with the pitch falling from 5 to 1, Mandarin Tone 4 has the greatest degree of pitch variation among these three falling tones. Thirdly, the sắc tone in Vietnamese bears a high resemblance to Mandarin Tone 2, both of which are rising tones. Lastly, there remain the ngã tone, the hỏi tone in Vietnamese and Tone 3 in Mandarin, all of which are contour tones, and share similar pitch direction.
In the present study, the perceptual performance for two tone continua, i. 
Method

Participants
Ten native Mandarin listeners (5 females and 5 males, mean age = 23.5 yr, SD = 1.4), 10 native Russian listeners (6 females and 4 males, mean age = 21.0 yr, SD = 3.5), and 10 native Vietnamese listeners (5 females and 5 males, mean age = 25.1 yr, SD = 1.8) were recruited for this study.
A background questionnaire was collected to gather information about their language experience. All native Mandarin speakers were students from Hunan University in Changsha, who were born and grew up in Northern China. All of them scored more than 89 in National Standard Mandarin Examination. Participants who spoke dialects were excluded to avoid dialectical effects. The native Russian and Vietnamese speakers were international students in Changsha. They had been learning Mandarin Chinese for about six months and had never been exposed to Mandarin or other tone languages before (except their native language for Vietnamese speakers).
None of the participants had ever received any professional music training. All of them were confirmed with no speech or hearing disorders or any other language problems. They were paid for their participation and were given informed consent in compliance with a protocol approved by Human Research Ethics Committee at Hunan University.
Materials
The target syllable /ta/ with Mandarin Tone 1, Tone 2 and Tone 4 was recorded by an adult female native speaker of Mandarin Chinese at a sampling rate of 22050 Hz, 16-bit resolution. Two tone continua (T1-T2 and T1-T4) were constructed based on the natural speech templates of these three tones. Each continuum consisted of eleven steps with equal distances re-synthesized by applying the pitch-synchronous overlap and add (PSOLA) method (Moulines & Laroche, 1995) implemented in Praat (Boersma & Weenink, 2018) . Figure 1 presents a schematic diagram of the pitch contours of the eleven stimuli for the T1-T2 continuum (on the left) and the eleven stimuli for the T1-T4 continuum (on the right) (following Peng et al., 2010; Wang, 1976) . In Mandarin, these three tones over the target syllable /ta/ were all real words yet with different lexical meanings: "搭 (build) " when produced with the high level tone (T1), "答 (answer) " when produced with the mid rising tone (T2), and "大 (big) " when produced with the high falling tone (T4).
The main procedures for re-synthesizing the stimuli were as follows: (1) Scaling the target syllable with these three tones to equal duration of 500 ms and equal intensity of 70 dB. (2) 
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Identificat in Figure 2 The left ydiscrimina One-way ANOVA was conducted to examine the influence of language background on boundary position, boundary width, and discrimination accuracy. Tukey's HSD post hoc analysis was used to make pairwise comparisons when necessary. All effects were reported at a significant level of p < 0.05.
A significant effect of group was found both for the perceptual boundary position [F (2, 27) = 3.716, p = 0.038, η 2 = 0.216] and boundary width [F (2, 27) = 8.764, p = 0.001, η 2 = 0.394]. Tukey's HSD post hoc pairwise comparisons of the three groups revealed that the perceptual boundary position for the Mandarin group occurred at a significantly larger stimulus number than that for the Vietnamese group (p = 0.044), but that the boundary positions perceived by Mandarin and Russian listeners were not significantly different (p = 0.915). As for boundary width, Tukey's HSD post hoc pairwise comparisons indicated that both Mandarin and Vietnamese listeners had significantly narrower boundary widths than Russian listeners (ps < 0.01), but no significant difference in boundary width was found between the Mandarin and Vietnamese listeners (p = 0.993). It indicated that Vietnamese learners, with a tone background, had sharper identification boundaries between Mandarin Tone 1 and Tone 2 than Russian learners with a non-tone background.
With respect to the discrimination task, the overall accuracies of the nine stimulus pairs among the three language groups are shown in Figure 3 . First, the discrimination accuracy for the Mandarin group reached its maximum at the stimulus pair 6-8, which straddled its own boundary position (6.23). One-way ANOVA confirmed a significant effect of group for the discrimination accuracy at this position [F (2, 27) = 5.275, p = 0.012, η 2 = 0.281]. Tukey's HSD post hoc analysis revealed that the accuracies for both the Mandarin group (72.5%) and the Vietnamese group (72%) were significantly higher than that for the Russian group (61%) (ps < 0.05) at this position, but there was no significant difference between the Mandarin and Vietnamese groups (p = 0.991). Second, the discrimination peak for the Vietnamese group was 74% at the stimulus pair 5-7, also straddling its boundary position (5.44). One-way ANOVA also demonstrated a significant difference in the discrimination accuracy at this position across the three language groups [F (2, 27) = 4.634, p = 0.019, η 2 = 0.256]. Tukey's HSD post hoc comparisons showed that the accuracy for the Vietnamese listeners (74%) was significantly higher than that for the Russian listeners (60%) (p = 0.017). However, no significant difference was observed between the Mandarin and Vietnamese listeners or between the Mandarin and Russian listeners (ps > 0.05). Third, the discrimination peak for the Russian group was 68% at the stimulus pair 8-10, missing its boundary position (6.10). Results of one-way ANOVA indicated a significant effect of group at this position [F (2, 27) = 19.680, p < 0.001, η 2 = 0.593]. Tukey's HSD post hoc pairwise comparisons showed that the discrimination accuracy for the Russian group (68%) was significantly greater than those for the Mandarin (56.5%) and the Vietnamese (50.5%) groups (ps < 0.01). But Mandarin and Vietnamese listeners did not exhibit significantly different discrimination accuracies at this position (p = 0.105). All these results showed that the discrimination peaks of native tone language listeners corresponded with their respective boundary positions, suggesting linguistic boundaries. However, the discrimination peak of the Russian listeners was located at the level end, reflecting the psychophysical boundaries.
Since one of the most crucial characteristics of CP is better discrimination performance across category boundaries than within the same category, these nine stimulus pairs were further divided into between-category pairs and within-category pairs. As shown in Figure 4 , the mean within-category discrimination accuracy for the Mandarin, Russian, and Vietnamese listeners was 55.7%, 61.7%, 55.2% respectively, and their respective average between-category discrimination accuracy was 68.3%, 60.5%, and 71%. The results of paired samples t test revealed that both the Mandarin group [t (9) = 3.933, p = 0.003] and the Vietnamese group [t (9) = 7.186, p < 0.001] had significantly higher between-category discrimination accuracy than within-category discrimination accuracy. No significant difference was found for the Russian group [t (9) = -0.794, p = 0.448]. Such findings showed that between-category differences could be perceived as more salient than within-category differences by Mandarin and Vietnamese listeners but not by Russian listeners, implying that native tone language listeners could perceive Mandarin Tone 1 and Tone 2 more categorically than native non-tone language listeners. ijel.ccsenet. Figure   Figure 4 . W
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Discuss
The curren language g showed th group perc (Halle, (Crosby, 2013) . Thus, they showed little sensitivity to pitch falling unless there was a sharp drop, leading to smaller boundary positions than native Mandarin listeners for the T1-T4 continuum.
In the identification curves of Vietnamese listeners, they showed significantly smaller boundary positions than the Mandarin group for the T1-T2 continuum, which coincides with the result reported in Wen and Wang (2019) , where native Korean listeners showed smaller boundary positions than native Mandarin listeners. They argued that since Korean is a non-tone language, L1 experience might lower their sensitivity to the variations of pitch contours. Therefore, Korean listeners needed a sharper slope to identify the stimulus as a rising tone. However, in the present study, Vietnamese is a tone language. Different boundary positions between the Mandarin and Vietnamese listeners may be attributed to their different tone systems. As shown in Table 1 , the ngang tone in Vietnamese and Tone 1 in Mandarin are both level tones, but Mandarin T1 has a higher pitch value than its Vietnamese counterpart. It means that Vietnamese listeners tend to perceive a stimulus with a lower pitch as the level tone, whereas native Mandarin listeners need a higher pitch to do so. It is generally known that due to the restriction of the pronunciation mechanism, it is difficult to pronounce a level tone without any F0 fluctuation. Instead, there probably exists a slight pitch slope for a level tone in natural speech. Thus, from a low F0 onset to a high F0 onset, the Vietnamese group presented the boundary positions earlier than the Mandarin group.
As for boundary width, the Russian group showed broader boundary widths than the Mandarin group both for the T1-T2 continuum and for the T1-T4 continuum, which suggested that Russian listeners did not exhibit sharp boundaries between different tone categories. This finding is highly consistent with several previous studies (Francis, Ciocca, & Ng, 2003; Halle, Chang, & Best, 2004; Peng et al., 2010; Wang, 1976; Xu, Gandour, & Francis, 2006) . However, no significant difference in boundary width was found for Mandarin and Vietnamese listeners either in the T1-T2 continuum or in the T1-T4 continuum, which confirms the results reported in Peng et al. (2010) , where Mandarin and Cantonese listeners exhibited comparable boundary widths. Deutsch, Henthorn, Marvin, and Xu (2006) found that tone language experience could improve listeners' sensitivity to absolute pitch. By comparing the perception of both Mandarin and Cantonese tones, Lee, Vakoch, and Wurm (1996) found that native Cantonese listeners could discriminate Mandarin tones fairly well, but native Mandarin listeners performed not that well in discriminating Cantonese tones. They ascribed the results to the denser tone system of Cantonese. Correspondingly, Vietnamese has six tones, most of which are contour tones (see Table 1 ). Moreover, it can be inferred from their pitch values that the pitch variations in Vietnamese are relatively small, which indicates that Vietnamese listeners are required to have strong sensitivity to the variation of pitch height and pitch slope in order to discriminate their complex tone system. Therefore, as non-native speakers, the Vietnamese group can still identify Mandarin tones fairly well.
With respect to discrimination curves, the discrimination peaks of the Russian listeners were located at the stimulus pair 8-10 for both T1-T2 continuum and T1-T4 continuum, which implied that they attached great importance to absolute pitch height when discriminating Mandarin tone contrasts. Thereby, the Russian group exhibited only psychophysical boundaries in discrimination tasks, which supports the previous findings (Halle, Chang, & Best, 2004; Peng et al., 2010; Wang, 1976; Xu, Gandour, & Francis, 2006) . For native Vietnamese listeners, their discrimination peak for the T1-T2 continuum was located at the stimulus pair 5-7, which occurred a little bit earlier than that of native Mandarin listeners (at the stimulus pair 6-8). As discussed above, the Vietnamese group had smaller boundary positions for the T1-T2 continuum than the Mandarin group and they would perceive a stimulus as Tone 1 earlier than Mandarin listeners. Correspondingly, it will shape Vietnamese listeners' sensitivity in distinguishing Tone 1 and Tone 2, resulting in an earlier discrimination peak. For the T1-T4 continuum, the discrimination peak of Vietnamese listeners was located at the stimulus pair 7-9, which occurred a little bit later than that of Mandarin listeners (at the stimulus pair 6-8). Such findings can be possibly ascribed to the influence of the two Vietnamese falling tones, i.e., the huyền tone and the nặng tone. Unlike the sharp pitch falling of Mandarin Tone 4, these two Vietnamese tones only fall slightly in terms of their pitch contours. Therefore, just a small degree of pitch falling can help Vietnamese listeners to perceive a stimulus as the falling tone. These two falling tones will shape Vietnamese listeners' sensitivity in distinguishing Tone 1 and Tone 4, leading to the discrimination peak occurring at a larger stimulus pair. In a word, in discrimination tasks, both Mandarin listeners and Vietnamese listeners exhibited linguistic boundaries for both continua even though these linguistic boundaries were further shaped by their respective tone inventory, which was also in accord with previous relevant literature (Peng et al., 2010) .
Conclusion
The present study has investigated the influence of L1 background on Mandarin tone perception by using the traditional framework of CP. Mandarin and Vietnamese listeners, with exposure to native tone language, could perceive both T1-T2 and T1-T4 continua categorically, whereas Russian listeners, as non-tone language listeners, perceived lexical tones continuously. In identification tasks, compared with those for Russian listeners, the identification curves for Mandarin and Vietnamese listeners in both T1-T2 and T1-T4 continua had steeper slopes at the cross-boundary positions with narrower boundary widths. Moreover, the Mandarin and Russian groups showed significantly different boundary positions for the T1-T4 continuum, and the Mandarin and Vietnamese groups showed significantly different boundary positions for the T1-T2 continuum. In discrimination tasks, Russian listeners exhibited only psychophysical boundaries, whereas native Mandarin and Vietnamese listeners exhibited slightly different linguistic boundaries. All these differences between native Mandarin group and the other two non-native language groups could be attributed to their L1 influence. These findings converge to suggest that native tone language background, to some extent, can facilitate non-native tone perception.
